Antarctic blue ice zones, the most productive locations for meteorite recovery on Earth, contain old ice that is easily accessible and available in large quantities. However, the mechanisms behind these meteorite traps remain a topic of ongoing debate. Here, we propose an interdisciplinary approach to improve our understanding of a meteorite trap in Dronning Maud Land (East Antarctica) on the Nansen blue ice field meteorite trap (2600-3100 m above sea level), where more than half of the Asuka meteorites have been collected. Based on 185 surface blue ice samples, one of the largest observed spatial patterns in oxygen isotopic variation to date is found. Relying on meteorites for which the terrestrial ages are determined using 14 C and 36 Cl, this surface ice is interpreted to date from the Last Interglacial up to the present-day. By combining state-of-the-art satellite derived surface velocities, surface mass balance modelling and ice flow modelling, we estimate that about 75-85% of the meteorites found on the ice field were supplied by ice flow after entering the ice sheet in an accumulation area of a few hundred square kilometres located south (upstream) of the ice field. Less than 0.4 new meteorites per year are supplied to the ice field through ice flow, suggesting that the hundreds of meteorites found 25 years after the first visit to this ice field mostly represent meteorites that were previously not found, rather than newly supplied meteorites. By combining these findings, the infall rate of meteorites from space is estimated, which is in line with values from the literature, but situated at the higher end of the range. A comparison of the oxygen isotopic variation of the surface blue ice to that of the European Project for Ice Coring in Antarctica (EPICA), Dronning Maud Land (EDML) ice core (located 750 km to the west, at the same elevation), suggests that the regional changes in topography have been relatively limited since the Last Interglacial, supporting theories of an overall stable East Antarctic Ice Sheet (EAIS) over this time period.
INTRODUCTION
The Antarctic Ice Sheet is the most productive region for collecting meteorites on Earth (Cassidy et al., 1992; Harvey, 2003) . Of all meteorites collected to date, more than 35,000 (ca. 65%) were retrieved on the Antarctic Ice Sheet (Meteoritical Bulletin Database, 2018) . The high Antarctic meteorite recovery probability is mainly related to three factors. First, given the contrast between the typically dark, fusion crusted meteorites and the blue/white surroundings, they are visually easily detectable . Secondly, due to the cold and dry conditions the meteorites are generally well-preserved and less susceptible to chemical and physical weathering compared to warmer environments (Shimizu et al., 1983; Koeberl and Cassidy, 1991; Scherer et al., 1997; Welten et al., 1997 Welten et al., , 2008 Pourkhorsandi et al., 2017) . Thirdly, and most importantly, blue ice areas on the Antarctic Ice Sheet can act as meteorite traps, or so called 'meteorite stranding zones' (e.g. Righter et al., 2015) .
In these meteorite stranding zones, meteorites that fell inland, in the ice sheet's accumulation area, are brought to the surface (Fig. 1a ). This contrasts with the ordinary transport mechanism of meteorites, where they are moved to the edge of the ice sheet, before eventually being discharged into the ocean (Yoshida et al., 1971; Yanai, 1978; Whillans and Cassidy, 1983) . In meteorite stranding zones, the upwardflowing ice, combined with surface ablation, leads to high concentrations of meteorites at the surface (Bintanja, 1999; Corti et al., 2003) . Furthermore, low ice surface velocities can extend the residence time of meteorites at the surface and increase their local concentration. As a consequence, most meteorite recovery missions in the Antarctic focus on meteorite stranding zones (Delisle et al., 1993; Eppler, 2011; Herzog et al., 2015) . Some meteorite stranding zones were subject to various studies and are relatively well understood (e.g. Nagata, 1982; Schultz et al., 1990; Folco et al., 2002 Folco et al., , 2006 Corti et al., 2003; Welten et al., 2008; Spaulding et al., 2012) . Other meteorite , while the red lines show a possible meteorite trajectory over time: t1: location where the meteorite reaches the surface and where it immediately enters the ice sheet (due to downward flow), t2: meteorite location while being transported within the ice sheet, t3: point where the meteorite reaches the surface (in blue ice area), t4: point until which the meteorite is transported at the surface of the blue ice area (through ice flow, potentially enhanced by katabatic winds); here, at the boundary of the blue ice area, the meteorite enters the ice sheet again (due to downward flow); t5: meteorite location while being transported further, until being forced back to the surface in a new ablation area, or until being discharged into the ocean. (b) Example of a meteorite collected on the Nansen blue ice field during the JARE-54/BELARE 2012-2013 expedition. This meteorite (A 12389), with a mass of 18 kg, is the largest meteorite retrieved on this ice field since its revisit in the 2010s. For more photographic material and expedition details, refer to Imae et al. (2015) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) stranding zones, especially those located at high elevation, in terrain that is difficult to access, remain poorly understood and are the topic of ongoing debate (Sinisalo and Moore, 2010) .
Blue ice areas are also interesting from a palaeoclimatic perspective (Bintanja, 1999; Corti et al., 2008; Sinisalo and Moore, 2010) , as old ice is directly accessible at the surface (e.g. Spaulding et al., 2013) . As a consequence, the sampling of ice is logistically and financially far less demanding compared to the classic deep drilling projects (e.g. MassonDelmotte et al., 2011) . Furthermore, blue ice areas have the potential to contain surface or shallow ice that is older than that recovered from deep drilling projects and can in some cases provide a higher temporal resolution (e.g. Sinisalo et al., 2007; Higgins et al., 2015; Bibby et al., 2016; Kehrl et al., 2018) . Equally important, ice is available in large quantities, which is necessary for certain types of measurements, such as the characterization of trapped gasses and their isotopic composition (e.g. Sinisalo and Moore, 2010; Buizert et al., 2014) . The main difficulty associated to using blue ice area records for palaeoclimatic purposes resides in the dating of the ice. This is more complex than in vertical drilling projects, where the ice age generally increases with depth. For surface blue ice dating, different techniques have been used and combined, including 14 C dating of trapped air (e.g. Uglietti et al., 2016) , 81 Kr dating (e.g. Buizert et al., 2014) , 40 Ar dating (e.g. Higgins et al., 2015) , radiometric dating of tephra layers found at the surface (e.g. Muhs et al., 1999; Curzio et al., 2008) , cosmogenic dating of glacial tills (e.g. Bibby et al., 2016) , dating by comparison to isotopic variations from ice cores through wigglematching (e.g. Moore et al., 2006) and constraining the terrestrial age from surface meteorites (e.g. Folco et al., 2006; Welten et al., 2006; Herzog et al., 2015) .
In this study, through an interdisciplinary approach, we improve the current understanding of an Antarctic meteorite stranding zone located on the Nansen blue ice field (Dronning Maud Land, East Antarctica). By combining the oxygen isotopic composition (d 18 O) of the collected surface blue ice samples with the terrestrial age of selected meteorites, through ice flow and surface mass balance modelling, and by using a newly developed approach in which state-of-the-art satellite-derived surface velocities are combined with surface topographical information, we refine the mechanism behind the meteorite trap. This work also introduces new concepts that can be used to better characterize and understand other meteorite traps. Finally, we also discuss the implications of our findings for the past glaciological and climatological conditions of this region.
FIELD SITE AND CAMPAIGNS
The Nansen blue ice field (72°S 24°E, Dronning Maud Land) is located on the Antarctic plateau, about 100-120 km south of the Belgian Princess Elisabeth Station (see Fig. 2 ). Based on the spatial discontinuity of the ice patches, the blue ice field has been subdivided into Nansen A, Nansen B and Nansen C (Imae et al., 2015 ) (see Fig. 2 ). Nansen A is the lowest part of the ice field, with its western side at an elevation of about 2600 m above sea level (a.s.l.). Nansen C is the highest part of the ice field, with a surface elevation up to 3100 m a.s.l. in the southeast (see Fig. 3 ). The ablation over the ice field is governed by strong surface winds, promoting turbulence, latent heat release, and resulting sublimation, and is enhanced by the incoming solar radiation and low surface albedo, driving surface melting (see Appendix D and e.g. Bintanja, 1999; Lenaerts et al., 2017) .
The ice field was first explored by the 29th Japanese Antarctic Research Expedition (JARE-29) (1987) (1988) (1989) , during which a total of 1582 meteorites were retrieved, of which 573 on Nansen A, 698 on Nansen B and 311 on Nansen C (Naraoka et al., 1990; Yanai et al., 1993) . Nansen A was subsequently revisited during the austral summer of -11 (Belgian Antarctic Research Expedition, BELARE 2010 -2011 , resulting in 218 newly collected meteorites (Goderis et al., 2011) . Two years later, during the austral summer of 2012-13, a meteorite search expedition (JARE-54, BELARE 2012 was organized on Nansen B and on the northern part of Nansen C Imae et al., 2013 Imae et al., , 2015 . During this expedition, 424 meteorites with a total weight of about 70 kg were collected, of which 368 on Nansen B, 55 on Nansen C and 1 on Nansen A (Fig. 4) (Imae et al., 2015) (Fig. 1b) . With a total of more than 2200 collected meteorites, the Nansen ice field is one of the most productive meteorite collection sites in Antarctica: to date (September 2018), 6% of all Antarctic meteorites (ca. 60% of all meteorites labelled ''Asuka", named after the former Japanese Antarctic research station) have been collected on this ice field (Naraoka et al., 1990; Yanai et al., 1993; Goderis et al., 2011; Imae et al., 2015; Meteoritical Bulletin Database, 2018) . Notice that given (Bindschadler et al., 2008) . The inset shows the position of the study area (black dot) in Antarctica. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) the relatively low pairing for this ice field compared to other meteorite retrieval locations in Antarctica (see Section 6.2.2), and the fact that Antarctic meteorite numbers are commonly not corrected for pairing, the relative contribution from Nansen meteorites to the total number is probably higher.
During the 2012-13 expedition, 185 blue ice surface samples were collected, in addition to the meteorites (Figs. 4a and 5). The analyses and interpretations reported in this study are largely based on the meteorites and blue ice surface samples collected during this 2012-2013 campaign. Two moraines were also visited on Nansen B (see Fig. 5b for location), but only terrestrial rocks, which are entrained from the bedrock to the surface (e.g. Licht and Hemming, 2017; Graly et al., 2018) , were found here (Jacobs et al., 2017) . No meteorites and blue ice surface samples were collected in large areas of Nansen B (in the south and in the northeast; Fig. 4a ) because these zones were only briefly (or not) visited due to the presence of a snow layer and/ or crevasses (Imae et al., 2015) . The crevasses make these areas difficult to access by snowmobiles, and potentially (strongly) reduce the number of meteorites at the surface.
ISOTOPIC SIGNAL OF BLUE ICE SURFACE SAMPLES
Blue ice surface samples were crushed and transported in sealed containers to the lab, where their isotopic composition was subsequently determined (at the AMGC stable isotope lab; see Appendix A. for details (Fig. 5) . To our knowledge, this is one of the largest observed spatial patterns in d
18 O found to date in a blue ice area, with an extent of about 20 km (see e.g. Faure et al., 1993; Spaulding et al., 2013; Winter et al., 2016 ; with patterns along a horizontal scale of ca. 2 km, 5 km and 9 km, respectively). In the southern part of Nansen B, which will be referred to as Nansen B1 (Fig. 5a ), the d 18 O of the analysed samples typically varies between À48‰ and À44‰ (n = 46) (see Appendix A for details). The Central part of the ice field (Nansen B2, n = 82) is characterized by higher d 18 O values, fluctuating between À42‰ and À38‰. The northwestern part of the ice field (Nansen B3, n = 32) has d
18 O values in the same range as Nansen B1, varying between À48‰ and À44‰. The surface samples collected in the northern part of Nansen C (n = 25) range from À42‰ to À36‰ in d 18 O (Fig. 5a ).
TERRESTRIAL AGE OF METEORITES
The terrestrial age of a meteorite, defined as the time since its fall on Earth and consequent shielding from cosmic rays, can be used as a minimum estimate to constrain the (Fretwell et al., 2013) and satellite derived surface velocities Rignot et al., 2017) around and south of the Sør Rondane Mountains (outlined in red). The white lines represent the surface elevation contours (in m a.s.l.), while the contours of the Nansen ice field are outlined in black. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Fretwell et al., 2013) , for which the 100-m contours are outlined. The bedrock elevation (brown surface) is also derived from the BEDMAP2 dataset. The thick black lines outline the Nansen ice field. Figure partly ) (see Appendix B for elaborate explanation). A common way to determine the terrestrial age of meteorites is through radiocarbon ( 14 C) dating (Jull, 2006; Herzog et al., 2015) . Given the short half-life time of 14 C (5730 years), the method can generally only be applied to meteorites with a terrestrial age up to 40 ka (Jull, 2006) , depending on the 14 C blank correction. Eight meteorites from the ASUKA-88/JARE-29 expeditions on Nansen B were dated this way (Ninagawa et al., 2006) and found to have terrestrial ages between 9.7 and 24.4 ka old (Table 1; measurements at Arizona AMS Facility; see Appendix B for details). Unfortunately, these meteorite ages are of limited use to constrain the age of the ice, as the retrieval location of the meteorites is unknown. Furthermore, these eight meteorites weigh only between 19.3 and 119.3 g (Table 1 ), which is below the meteorite wind transport threshold of approximately 200 g (Folco et al., 2002) . These meteorites may therefore have been transported by the strong katabatic winds (between t3 and t4 on Fig. 1a ) and are as such potentially not representative for their collection location.
Meteorites collected during the JARE-54 -BELARE 2012-2013 expedition (Imae et al., 2015) , for which the retrieval positions are precisely known (GPS coordinates with meter scale precision), were therefore selected for terrestrial age dating. Given the occurrence of strong yearround katabatic winds (Thiery et al., 2012; Imae et al., 2015) , an initial selection of six meteorites weighing more than 1 kg was made (see also Appendix E). Four of these meteorites are well-spread across Nansen B (Fig. 5b) , while the two other are from Nansen C. The terrestrial ages were determined through radiocarbon dating and ranged between a recent fall (<2.4 ka) and >45 ka (measurements at Arizona AMS Facility, United States of America; see Table 1 and Appendix B). Subsequently, the two meteorites with the oldest terrestrial ages (A 12324 and A 12326) were re-dated using the 36 Cl method, together with two additional meteorites that were not radiocarbon dated (A 12127 and A 12216, measurements at ASTER AMS national facility at CEREGE, France; see Table 1 and Appendix B). Given the longer half-life time of 36 Cl (301 ka), meteorites with older terrestrial ages can be dated (up to about 2 Ma), although the method is characterized by a larger uncertainty (Nishiizumi et al., 1989; Jull, 2006; Herzog et al., 2015) . The 36 Cl terrestrial age measurements resulted in ages between <51 and 129 ± 28 ka (see Table 1 ).
REGIONAL ICE FLOW
Today, 3-D ice flow models constitute the most comprehensive method to determine the flow of an ice body (e.g. Huybrechts et al., 2007; Goelzer et al., 2012; Pattyn et al., 2017; Zekollari et al., 2017b) . However, the use of a 3-D ice flow model is not justified here, as various boundary conditions have large uncertainties. The best estimates on the regional ice thickness are from the BEDMAP2 dataset (Fretwell et al., 2013) , and recently performed airborne radar measurements of ice thickness over parts of the ice field and its surroundings (Eagles et al., 2018) . These datasets suggest that the local ice thickness is typically in the order of 1000 m around the ice field (see e.g. Fig. 4 ), but their low resolution (5 km for BEDMAP2, 10 km between flight lines for Eagles et al. (2018) ) do not justify a setup with a detailed ice flow model over this region. Also, other boundary conditions, such as the surface mass balance (SMB) and the englacial ice temperatures, which determine the stiffness and thereby the velocity of the ice, remain relatively poorly constrained and therefore hamper the use of a 3-D ice flow model. Therefore, to obtain an insight in the regional ice flow, satellite derived surface velocities are utilized. We rely on a recently released surface velocity dataset by Mouginot et al. (2017) and Rignot et al. (2017) , in which measurements from a variety of sources (ALOS, COSMO-SKYMED, ERS-1, RADARSAT-1, RADARSAT-2 and SENTINEL-1A) are combined to derive the mean surface velocity over the Antarctic Ice Sheet for the period 1996-2016 at a 450 m spatial resolution (Fig. 3) . Combining different sources results in errors on the horizontal surface velocity components that are generally lower compared to earlier versions of the dataset (Rignot et al., 2011) and products relying on a single platform (Callens et al., 2014; Fahnestock et al., 2016; Gardner et al., 2018) . Despite this increased accuracy, for areas with low surface velocities, such as the Nansen ice field (Fig. 3) , the errors on the velocities (1.4-2.3 m a À1 in Nansen B and C) remain of the same order of magnitude as the velocities (typically 0.5-2.0 m a
À1
for Nansen B, 0.5-3.0 m a À1 for Nansen C; but can locally be only a few cm a À1 ). Consequently, in certain regions unrealistic ice flow is obtained, such as an upstream ice flow over large spatial scales. To correct for this unrealistic ice flow, the direction of the satellite derived surface velocity vectors Rignot et al., 2017 ) is adapted by making use of the surface topography data. The surface velocity vectors are forced to follow the steepest negative surface gradient (as derived from the BED-MAP2 dataset; Fretwell et al., 2013) within the error bars for both the x-and y-direction ( Fig. 6 ). At each location, the surface gradient is determined over a distance of several kilometres, corresponding to several times the local ice thickness. This is used to mimic the effect of longitudinal stress gradients, causing the ice flow to depend on the surrounding topography, and not only the local geometry (Kamb and Echelmayer, 1986; Callens et al., 2014) . The order of magnitude of the satellite derived surface velocities (0.5-3.0 m a À1 ) is confirmed by ice flow modelling, utilizing typical ice thicknesses and englacial ice temperatures that can be expected for the Nansen ice field (details in Appendix C).
DISCUSSION

Dating and distribution of surface ice
The d 18 O signal observed in the surface samples on Nansen B and the occurrence of three pronounced clusters ( Fig. 5a ), suggest that ice from both glacial and interglacial periods is present at the surface. The difference in d
18 O between the 'low d
18
O areas' (Nansen B1 and Nansen B3) and the 'high d
18 O area' (Nansen B2) is around 5-7‰, 18 O ranges for Nansen B1 and B3 (À48‰ to À44‰) and Nansen B2 (À42‰ to À38‰) for (a) the current interglacial-glacial transition and (b) the previous interglacial-glacial transition. d
O data from Masson-Delmotte et al. (2011) . For every major ice core, the two related numbers correspond to the surface elevation and the distance to the Nansen ice field. which corresponds exactly to the offset observed between glacial and interglacial periods in Antarctic deep drilling cores (e.g. Masson-Delmotte et al., 2011) . However, solely relying on the d
18 O values does not allow determining from which (inter)glacial period the surface ice originates, as the clusters fit various glacial-interglacial transitions, as illustrated for the current and previous interglacial-glacial transition in Fig. 7 (discussed further in Section 6.5).
6.1.1. Nansen B
As the terrestrial age of the meteorites are interpreted to reflect minimum age estimates for the underlying ice (see Appendix B and e.g. Folco et al., 2006) , combining those ages with the d 18 O measurements indicates that the ice on Nansen B formed during the last glacial period (Nansen B1 and Nansen B3) and during the Last Interglacial (LIG, ca. 130-115 ka ago) (Nansen B2). The differences in terrestrial ages between meteorites collected in each other's vicinity is explained by a different timing of appearance at the surface. In the case of Nansen B2, it is probable that meteorite A12216 (129 ± 28 ka) appeared recently at the surface, while meteorite A12324 (49 ± 30 ka) has likely appeared higher upstream. As a consequence, meteorite A12324 may have travelled over a longer distance, increasing the difference between the terrestrial age and the age of the underlying ice (see e.g. Folco et al., 2006) .
In combination with the corrected surface velocities, this suggests that Nansen B1 and B2 are stratigraphically connected, with Nansen B2 being the prolongation of Nansen B1 (Nansen B1 is upstream from Nansen B2 in the schematic representation in Fig. 1a) . Although the area south of Nansen B1 was not visited, the sequence of isotopic clusters and the regional ice flow imply that here, ice from the present-day interglacial and the end of the previous glacial period is present.
For Nansen B3, the distribution of ice is possibly more complex, as two potential supply mechanisms are identified:
(i) A fraction of the meteorites/ice on Nansen B3 may originate from a (relatively small) separate source area, which is independent from that of Nansen B1 and B2. This is supported by the observation that the southernmost ice samples collected on Nansen B3 show higher d 18 O values (see Fig. 5 ), which may suggest that this ice is from the present interglacial. The relatively young terrestrial ages (<40 ka) for the meteorites recovered on Nansen B3 (Fig. 5b ) also support this mechanism.
(ii) Another supply mechanism may consist of meteorites that exited Nansen B1 through ice flow (cf. t4 on Fig. 1a) , re-entered the ice sheet (at shallow depth) below the snowfield between Nansen B1 and B3 (t5 on Fig. 1a) , and subsequently reappeared at the surface of Nansen B3 (follow trajectory on Fig. 1a after t5 and forced back to the surface on Nansen B3). Such mechanism could also explain that the collected meteorites/ice on Nansen B3 are younger than those found on Nansen B2.
6.1.2. Nansen C For the northern part of Nansen C, the high d 18 O values (À42 to À36‰), combined with the young terrestrial age of meteorites, suggest that the ice is younger than the Last Glacial Maximum (LGM). Here, additional constraints on the age of the ice can be derived from volcanic ashes that were extracted from local tephra-bearing ice samples during the 2012-2013 expedition (see Fig. 5a for location). By comparing the chemical composition of this volcanic ash with that of other ashes retrieved from major Antarctic ice cores, Oda et al. (2016) proposed that the volcanic ashes in the northern part of Nansen C originate from the South Sandwich Islands (for details on geochemical composition ash layers, refer to Table 3 in Oda et al. (2016) ). The chemical composition of the ashes correlates particularly well with that of ashes from two post-LGM eruptions (see Table 4 in Oda et al. (2016) ):
(i) at about 10.7 ka BP. These ashes are found at 340 m depth in EPICA-Dome C (Narcisi et al., 2005) . (ii) at about 3.5 ka BP. These ashes are found at 133 m depth in EPICA-Dome C (Narcisi et al., 2005) and at 100 m depth in Vostok (Palais et al., 1989; Basile et al., 2001) .
It is thus likely that the ashes retrieved on Nansen C correspond to one of these two major late/post-LGM events. Although the chemical composition of some older ash layers from Antarctic ice cores also correlates relatively well with that of the Nansen C ash layer (e.g. ash layer at 505 m depth in Dome Fuji, dated at ca. 20 ka BP (Kohno et al., 2004; Fujita et al., 2015) ), these are all from previous glacial periods, in disagreement with the high d
18 O values for the ice at the surface of Nansen C. For the LIG, when d
18 O values were also high (cf. Fig. 7b ), the chemical composition of the ashes retrieved from major ice cores does not resemble that of the ash layer retrieved at the surface on Nansen C. The compositional analysis of the ashes, combined with the isotopic signatures of the surface samples and the terrestrial ages of the meteorites, strongly suggest that the surface ice on Nansen C originates from after the LGM.
6.1.3. Nansen A Nansen A was not visited during the 2012-2013 field campaign. Isotopic analyses of surface blue ice samples and terrestrial dating of meteorites can therefore not be used to constrain the age of the local ice. Most likely the distribution of meteorites (and surface ice) is relatively complex here because most meteorites that exit Nansen B and Nansen C (cf. t4 on Fig. 1a) , re-enter the ice sheet (at shallow depth, t5) and subsequently reappear at the surface in Nansen A (cf. the potential mechanism (ii) described for Nansen B3) (see Fig. 6 ). Therefore, both relatively young (from Nansen C) and older (from Nansen B) ice and meteorites are anticipated to mix at Nansen A.
6.2. Meteorite mass, weathering, pairing and surface residence time
Meteorite mass and weathering
A clear spatial pattern in the mass of the collected meteorites (fragments) is observed (Fig. 6) . On Nansen B1, Nansen B2 and Nansen C, meteorites show little to no weathering, and here meteorites of all sizes are collected, with many (47%) weighing more than 40 g (Fig. 4b) . However, for Nansen B3 the meteorites are small, mostly weighing less than 40 g (in 85% of cases), and field observations suggest (Imae et al., 2015) that these have been subjected to more substantial weathering in general (vs. Nansen B1 and B2). As weathering mainly occurs at the surface (e.g. Koeberl and Cassidy, 1991; Scherer et al., 1997; Welten et al., 1997 Welten et al., , 2008 Pourkhorsandi et al., 2017) , this likely indicates that a substantial fraction of the meteorites on Nansen B3 has been transported at the surface for prolonged periods of time. This may result from particularly low surface velocities at Nansen B3 (which are lower than over Nansen B1 and B2, cf. Fig. 6 ). However, it could also support the earlier proposed mechanism in which most meteorites on Nansen B3 were previously transported at the surface of Nansen B1, after which they re-entered the ice sheet and subsequently re-appeared at the surface. Furthermore, the preferential transport of light meteorites by wind may also play a role here, and a part of these meteorites may have been transported from Nansen B2 to Nansen B3 (cf. Zwinger et al., 2015) . The meteorites on Nansen B2 are on average slightly smaller (40% of meteorites weighing more than 40 g) and slightly more weathered in general (Imae et al., 2015) than those on Nansen B1 (60% of meteorites weighing more than 40 g) (Fig. 6) , which may be explained as the effect of a long travel time at the surface for some of these, i.e. if they first appeared at the surface on the southern part of Nansen B1. These are complemented by 'fresh meteorites', which appear at the surface of Nansen B2 for the first time, explaining also why many large meteorites, with limited weathering, are found here.
The meteorites collected during the JARE-54/BELARE 2012-2013 expedition were on average much heavier (ca. 175 g average mass) and less weathered than those collected during the BELARE 2010-2011 mission on Nansen A (ca. 30 g average mass) (Goderis et al., 2011; Imae et al., 2015) . Ninagawa et al. (2005) also reported older terrestrial ages (based on thermoluminescence studies) and higher degree of weathering for meteorites on Nansen A compared to those on Nansen B. This supports the proposed mechanism, in which most of the meteorites collected on Nansen A are meteorites that indeed reached the surface on Nansen B and C, where they were transported at the surface (i.e. undergoing weathering), before re-entering the ice sheet (at shallow depth) to reappear on Nansen A.
Meteorite falls and pairing
Some of the meteorites collected on the Nansen ice field may be fragments from an individual fall, as a fragmentation of meteorites may occur during (i) atmospheric passage and/or (ii) during their terrestrial history (Benoit et al., 2000) . For Antarctic meteorites the number of meteorite fragments per fall is typically in the range of 2 to 6, i.e. with a pairing ratio varying between 1:2 and 1:6 (Lindstrom and Score, 1995; Benoit et al., 2000) . Given the relatively limited weathering of meteorites on the Nansen ice field compared to other Antarctic sites at lower elevation (where higher temperatures and potential presence of meltwater favour weathering), the pairing is expected to be at the lower end of this range. This is confirmed by a previous pairing study on Nansen meteorites by Ikeda and Kimura (1992) , who found that the ordinary chondrites (which make up 86% of all meteorites, by number; Meteoritical Bulletin Database, 2018) make up for less than two fragments per fall. An assessment of the mass distribution of the collected meteorites when compared to a mass-dependent function for meteorite falls (Halliday et al., 1989 ) also supports a relatively low pairing: e.g. from this relationship, without fragmentation, the ratio between meteorites weighing more than 10 g and those weighing more than 100 g should be around 3:1, while in the collected Nansen meteorites this is about 4:1. These elements suggest that the fragments per fall at the surface of Nansen are at the lower end of the values found in the literature, and we estimate this number to range from 2 to 4.
Meteorite mean surface residence time
Many of the meteorites collected on the Nansen ice field may have been exposed at the surface since a long time. Here, we describe this process through the meteorite's mean surface residence time (MSRT), which is used further on to assess the characteristics of the Nansen blue ice field (e.g. infall rate, supply rate of fresh meteorites, estimation of source area size). The MSRT is a similar concept to the 'surface exposure age' introduced by Benoit (1995) based on natural thermoluminescence (TL), and the 'on-ice travel time' described by Folco et al. (2006) . It corresponds to the average time between the appearance of a meteorite at the surface of an ice field (t4 on Fig. 1a ) and its disappearance from this particular ice field (as it flows out of the field, at t5). Here, we derive the MSRT from the corrected surface velocities (Section 5 ; Fig. 6 ); two distinct approaches are considered:
(a) The MSRT is obtained by assuming a spatially evenly distributed appearance rate of meteorites at the ice field surface and by subsequently forcing the meteorites to move at the surface, along with the ice flow, until they exit the ice field. (b) Starting from their retrieval location, the meteorites are projected at the surface both forward and backward (i.e. following the opposite direction of the ice flow) with time, until they exit the ice field at both ends. Here, the surface residence time of each meteorite corresponds to half the time it remains on the ice field (i.e. half the time needed for the hypothetical transport from the upper to the lower ice field boundary).
Through the application of these two approaches, MSRTs of 5600 years (approach a) and 5900 years (approach b) are obtained for Nansen B. As the ice flow and the katabatic winds are largely in the same direction (Imae et al., 2015) , the MSRT may be reduced, as light meteorites (<200 g) are prone to transport by wind. Accounting for this effect and considering the uncertainties and possible changes in the surface velocity field over time, the MSRT on Nansen B is estimated to be between 4000 and 6000 years. Applying the same principles to the northern part of Nansen C leads to a MSRT time of 3300 years (approach a) and 3000 years (approach b), respectively. Considering the effect of the katabatic winds and uncertainties associated with the surface velocity field, it is estimated that the MSRT for meteorites on the northern part of Nansen C is between 2500 and 3500 years.
6.3. Source area size, location and supply mechanism 6.3.1. Source area size
In a stable glacial system, consisting of an accumulation area and an ablation area, the integrated surface mass balance (SMB) is zero. For the Nansen meteorite trap, by estimating the surface mass balance in the ablation area (i.e. the Nansen ice field) and the accumulation area (i.e. the source area of the Nansen ice field), the ratio between these areas can be determined.
Based on simulations with an energy-balance model, which is forced with automatic weather station (AWS) data and a blue ice albedo of 0.57 (Lenaerts et al., 2017) , the annual surface mass balance over the Nansen ice field is estimated to be between À125 and À75 mm w.e. a À1 (all details are provided in Appendix D). For the accumulation area, the SMB is derived from a high-resolution (5.5 km) simulation with the RACMO2 regional climate model and estimated to be between 20 and 50 mm water equivalent per year (mm w.e. a
À1
; refer to Appendix D for details). These surface mass balance estimates thus suggest that the ratio between the source area and the Nansen ice field varies between 75:50 (1.5:1) and 125:20 (6.25:1). With a visited area of about 100 km 2 for Nansen B; the source area is thus estimated to be between 150 and 625 km 2 .
Source area location and supply mechanism
As the estimation of the source area size varies by a factor of four and the regional topography may have changed over time, it is difficult to address the exact location of the source area. However, a rough estimate of the source area location can be obtained by projecting the meteorites back in time. For this, we assume that the surface velocities are constant in time and that the meteorites within the ice sheet are transported at the same velocity as at the surface. As sliding acts at the base and most deformation occurs in the lowest part of the ice sheet (e.g. Huybrechts et al., 2011; Pattyn et al., 2017; Hindmarsh, 2018) , this is a reasonable assumption. For more realistic insights into the transport of meteorites within the ice sheet, a 3-D ice flow model would be needed in which the particles can be tracked back in time (e.g. Huybrechts et al., 2007) , but as argued before, given the large uncertainties in boundary conditions, this is not justified here. The duration of the projection is determined by the oldest terrestrial age of a meteorite (i.e. estimation of the oldest age of the ice retrieved), which is approximately 140 ka for Nansen B and about 20 ka for the northern part of Nansen C. Following this method, the source area of Nansen B could reach as far as 150 km to the south and reach up to 3350 m a.s.l. (palaeoclimatic conditions of the source region are addressed in Section 6.5). This indicates that the source area is located south of the ice field and that it likely has a rather elongated form (i.e. a large north-south to eastwest ratio). It should be noted that some meteorites that reached the ice sheet surface further south likely also cross the Nansen ice field through their englacial trajectory. However, given the long trajectory towards the Nansen ice field, these meteorites reach deeper parts of the ice sheet and are therefore thought to be underneath the surface on the Nansen blue ice field (cf. lowest flow lines in Fig. 1a) .
For Nansen C, the surface velocities indicate that the source area is likely located to the east of the ice field. Here, the source area is constrained by a surface ridge (Fig. 3) , which explains the lack of glacial ice at the surface of Nansen C. For the central and southern parts of Nansen C, which were not revisited since the 1980s, the source area is presumably situated more to the south, but it is most likely also confined by the ridge situated east of the ice field.
Combining the available information on surface and subglacial topography with the estimated source areas thus suggests that the Sør Rondane Mountains do not directly act as the natural barrier causing the meteorites to reach the surface. The Nansen ice field is not a so-called 'closed type' blue ice area, but should be interpreted as an 'open type' blue ice area, in which the ice flow is potentially slowed down by subglacial bedrock ridges and forced upwards in combination with surface ablation (Grinsted et al., 2003; Sinisalo and Moore, 2010) . For Nansen B, the 'open' character of the blue ice area explains the limitation in the age of the ice (until the previous interglacial), as the oldest ice and meteorites are thought not to reach the surface on the ice field (Grinsted et al., 2003 cf. lowest flow lines in Fig. 1a) .
Implications for infall rate, direct fall and supply rate
Infall rate
The infall rate of meteorites is defined as the number of meteorites entering the atmosphere above a certain weight threshold for a certain area and per time unit. In the literature, infall rates are typically estimated based on recovery statistics and weathering rates from arid areas, and vary broadly by a factor of three, from 36 to 116 meteorites (>10 g)/10
6 km 2 /a (Bland, 2001) . Another widely used estimate is the 83 meteorites (>10 g)/10
6 km 2 /a derived by Halliday et al. (1989) based on meteoroid observations. Recovery statistics from Antarctic meteorites form an interesting alternative to derive infall rates, but their use is generally hampered by various uncertainties (Zolensky et al., 2006) . However, for the Nansen ice field the large and diverse set of collected data can be used to provide insights into the infall rate by relying on an alternative estimate of the source area (vs. the estimate based on SMB; see Section 6.3.1.).
The source area (A, in km 2 ), can be related to the mean surface residence time (MSRT) of a meteorite at the surface (T res , in a), the number of (pairing-corrected) meteorites (M, dimensionless), and the meteorite infall rate (I):
Given that the supply of meteorites to the ice field (S, in meteorites a À1 ) corresponds to:
Eq.
(1) can be rewritten as:
For Nansen B, a plausible range of values for the supply of meteorites to the ice field (S) can be obtained by combining a lower and upper boundary estimate of (i) T res (between 4 and 6 ka for Nansen B, see Section 6.2.3) and (ii) M, which is estimated to be in the range between:
325 pairing-corrected meteorites: this estimate assumes that almost the entirety of meteorites on Nansen B was found (1300 meteorites), and that the pairing is at the higher end of the range (1:4). Given the mass distribution in the meteorites found on Nansen B (Fig. 4a and b), a total of 325 pairing-corrected meteorites translates into about 270 pairing-corrected meteorites with a weight of 10 g or more. 750 pairing-corrected meteorites: this approximation assumes that not all meteorites were found yet (1500 meteorites) and that the pairing is at the lower end of the range (1:2). This results in about 625 pairingcorrected meteorites weighing 10 g or more.
The supply of meteorites (>10 g) to Nansen B is thus somewhere between 270/6000 = 0.045 meteorites a À1 and 625/4000 = 0.156 meteorites a À1 (Eq. (2)). This estimate for S, combined with the range of plausible values for I from the literature, allows us to calculate the source area size (A) based on Eq. (3) (Fig. 8) . A realistic ratio between the accumulation and the ablation area size as determined from SMB modelling (i.e. between 1.5:1 and 6.25:1, see Section 6.3.1 and Appendix D) can only be obtained for a relatively large accumulation area (ratio of accumulation to ablation area above 3:1) with a supply ratio lower than <0.1 pairing-corrected meteorites (>10 g a À1 ), combined with an infall rate above 60 meteorites (>10 g)/10
6 km 2 /a (Fig. 8a) . Similar results are obtained for the northern part of Nansen C (M = 33-104 pairing-corrected meteorites >10 g), where based on Eq. (3) the entire range of infall rates from the literature is realistic, but where higher values for I are deemed to be more likely (Fig. 8b) . Besides the implications for the infall rate, the low supply ratio may indicate that the number of meteorites is relatively low, i.e. most meteorites were found and a substantial fraction of them represents fragments of a more limited number of falls, and/or that the MSRT of meteorites is at the higher end of the estimated range.
Supply rate
Applying a MSRT of 4 ka to Nansen B and assuming there are 1500 meteorites at the surface of this ice field, an upper estimated supply rate of 0.4 meteorites a À1 is obtained. Taking into account the infall rates from the literature and the source area size estimates, Eq. (3) and Fig. 8 even suggest that the upper boundary is lower than this. During the 25-year period between the JARE-29 and JARE-54/BELARE 2012-2013 expeditions, less than 10 new meteorites thus reached the surface of Nansen B. From this, we can conclude that the retrieval of 368 meteorites during the JARE-54/BELARE 2012-2013 expedition on Nansen B is therefore not related to a supply of new ('fresh') meteorites, but rather indicates that many meteorites were not found during the previous expeditions. Some meteorites may have been found in sites that were previously not visited on Nansen B, while other meteorites may have been overlooked during the JARE-29 expedition. Migrating snow patches and ice field boundaries may have exposed meteorites in the 2012-2013 field season that were snow-covered during the JARE-29 expedition.
Direct fall
The role of direct falls (Huss, 1990) , i.e. the fraction between the meteorites that fell on the surface of the ice field directly and those that reached the ice field through an englacial transport, can be determined from the ratio between the accumulation area and ablation area (assuming a spatially evenly distributed appearance of meteorites at the surface after englacial transport). Implementing an accumulation to ablation area ratio between 6.25:1 to 3:1 (see Section 6.4.1), this suggests that between 14% (1:7.25) and 25% (1:4) of the meteorites on the surface of the ice field are from direct fall.
An alternative and independent estimate for the role of direct fall can be obtained by estimating the number of meteorites that fall on the surface during the MSRT of meteorites on a particular ice field. When considering this approach, it should be noted that light meteorites may be transported by katabatic winds, but that the resulting effect on the total number of meteorites on the field is considered to be relatively limited. For Nansen B, where an area of about 100 km 2 was explored (see Figs. 4a and 5), assuming an upper limit for the infall rate of 116 falls over 10 g/10 6 km 2 /a (Bland, 2001 ) and a long MSRT of 6 ka, results in a total of 69.6 direct falls (>10 g). By relying on a lower limit for the infall rate of 36 falls over >10 g/10 6 km 2 /year (Bland, 2001 ) and a MSRT of 4 ka, a lower bound estimate of 14.4 direct falls (>10 g) is obtained. The relative contribution of direct infall relies on the total number of meteorites present at the surface of Nansen B before the meteorite recovery expeditions (see Section 6.4.1. for estimates). From this, the amount of meteorites on Nansen B deriving from direct falls can be estimated to be between 2.3% (14.4/625) and 25.8% (69.6/270). Given the assumed relatively high infall rate (see Section 6.4.1), the higher end of this range is more likely, which also agrees with the 14-25% estimate from the accumulation to ablation area ratio. Combining both estimates therefore suggests that about 15-25% of all collected meteorites fell on the Nansen ice field directly. It should be noted that this estimate is higher than suggested by the limited sample suite of twenty meteorites for which the terrestrial age was determined (Table 1) . From these twenty meteorites, only one (A 12430) results from a direct fall, as its terrestrial age (<2.4 ka) is younger than the time needed to transport it from the snowfield to the collection site. One other meteorite (A12084) may represent a direct fall, which landed on Nansen B1, re-entered the ice sheet, and subsequently reappeared on Nansen B3 (cf. Section 6.1.1).
Implications for palaeoclimate and palaeoglaciology
Given the absence of fixed age estimates and the presence of large uncertainties in boundary conditions, which inhibit the use of a complex ice flow model, it is not possible to derive a continuous palaeoclimatic record from the surface blue ice samples collected on the Nansen ice field (e.g. Spaulding et al., 2013) . The magnitude of the isotopic signal and the difference between isotopic clusters can however be used to shed a light on the palaeo-conditions that reigned over this region.
The d 18 O values at Nansen B are consistently less negative than those measured at the EPICA Dronning Maud Land (EDML) drill site (see Fig. 7 ), which is located 750 km to the west, at about the same elevation (2800-2950 m a.s.l. for Nansen B vs. 2882 m a.s.l. for EDML). For both the EDML drill site and the Nansen B ice field, the elevation at the formation site is higher than the present-day elevation. For Nansen B, this elevation difference is estimated to be up to 350-400 m between the LIG formation location and present-day elevation (see Section 6.3.2), while for EDML the LIG ice was formed about 300 m higher (Huybrechts et al., 2007) . The distance to the ocean differs for both sites, as the Nansen blue ice field is located about 300-400 km from the coast (depending on direction), while for the EDML drill the coast is 550-600 km away. This may explain a part of the difference in d
18 O between both sites, as air masses preferentially precipitate heavy oxygen isotopes while advancing over the continent (e.g. Jouzel et al., 2003) . The d 18 O difference is however larger than would be expected from the preferential precipitation of heavy oxygen isotopes only. We therefore suggest that the d
18
O difference between both sites may also reflect differences in surface temperatures. The constantly lower d
18 O values for EDML suggest that temperatures at the time of formation were lower for EDML than for the Nansen ice field. The d
18 O difference between both records varies from approximately 3-5‰ (see Fig. 7 ), which, after correcting for the difference in distance to the ocean for both sites (correction of about 1‰), agrees with a difference between 2 and 4‰. Assuming the Antarctic wide isotope-temperature relationship of 0.8 ‰/°C (Masson-Delmotte et al., 2008, Fig. 6b) , this corresponds to a temperature difference of about 2.5-5°C. It should be noted that this estimation is dependent on the isotopetemperature relationship, which is known to vary spatially and over time (Masson-Delmotte et al., 2008; Touzeau et al., 2016) . However, Atmospheric General Circulation Models (AGCMs) suggest that the modern temperatureisotope relationship for central Antarctica is a good approximation for glacial to present-day changes (Jouzel et al., 2003) . Note that the difference in d
18 O (and thus temperature) will even be slightly more pronounced when considering that the formation site is likely higher for Nansen B compared to EDML. The d
18 O difference should be interpreted with care, but in general, it indicates that it is now, and consistently was, warmer on the (accumulation area of the) Nansen ice field than at the (accumulation area of the) EDML drill site (Kohnen station) since the Last Interglacial.
The relative changes in surface elevation over time, which affect the d 18 O signal, are believed to have been roughly similar for both sites, as the d 18 O differences between both records remain largely the same over time. The local elevation at both sites may have evolved in a similar way over time, but the similar signal more likely indicates that surface elevation changes at both sites have been relatively limited. This suggests the topography over Dronning Maud Land was relatively stable during the last glacial and the present interglacial, providing additional support for studies suggesting limited changes in elevation at Kohnen (up to ca. 100 m between glacial-interglacial cycles; Huybrechts et al., 2007) and around the Sør Rondane (evidence from morainic material and exposure dating; Mackintosh et al., 2014; Suganuma et al., 2014) , in line with a stable interior East Antarctic ice sheet over this time period (e.g. Bentley et al., 2014; Mackintosh et al., 2014; Folco et al., 2016; Bader et al., 2017; Kaplan et al., 2017; Genge et al., 2018; Van Ginneken et al., 2018 ).
CONCLUSIONS
Combining different types of field, laboratory and remote sensing data allowed us to better constrain the meteorite concentration mechanism at the Nansen ice field. On Nansen B, one of the largest spatial patterns in contrasting oxygen isotopic values to date was found, indicating that ice from both glacial and interglacial periods is present at the surface. By combining this data with terrestrial ages of large meteorites, we suggest that this ice is from the previous glacial (ca. 115-15 ka BP) and interglacial period (ca. 130-115 ka BP). By using information from previously collected ash layers (Oda et al., 2016) , the ice on the northern part of Nansen C was found to be from after the Last Glacial Maximum.
The size of the source areas of Nansen B and C was estimated based on the ratio between the modelled SMB in the ablation area (the ice field) and the accumulation area (the source area). The relatively limited source area size of a few hundred square kilometres suggests that the Sør Rondane Mountains do not act as a barrier (i.e. 'closed type' blue ice area), but rather that the meteorite trap acts on a smaller spatial scale and is therefore an 'open type' blue ice area.
In this study, we also used and further elaborated the concept of the mean surface residence time (MSRT) of a meteorite, which we derived from corrected state-of-theart satellite-derived velocity data. We showed that the MSRT can be used, in combination with other field measurements, to get an insight into:
(i) The infall rate of meteorites. Our analyses do not allow making a detailed statement on the debated infall rate of meteorites, but suggest that the values at the lower end of the literature are not compatible with the various datasets and quantities (including the MSRT), therefore suggesting that the infall rate is at the higher end of the range found in the literature. (ii) The role of direct infall. It was estimated that between 15 and 25% of all collected meteorites (>10 g) directly fell on the ice field, indicating that the importance of direct infall may be relatively large and not negligible.
(iii) The supply rate of new meteorites. For Nansen B, it was estimated that less than 0.4 new meteorites reach the surface every year. This implies that meteorites found during the 2012/2013 expedition are mainly those that were not found during expeditions conducted 25 years earlier, rather than a recent resupply. By now, it is likely that most of the meteorites on Nansen A, B and the northern part of Nansen C have been found. Additional meteorites may still be collected in the future, in part due to the migration of the ice field boundary and local snow patches, but given the limited supply of fresh meteorites, the numbers are expected to be substantially lower than for the 2012/2013 expedition. Future meteorite search expeditions on this ice field should focus on new, not well-explored regions, such as the southern part of Nansen B (which is difficult to access with snowmobiles) and the southern part of Nansen C (which was only visited once), rather than a revisit of Nansen A or B.
In summary, the interdisciplinary approach employed in this study leads to a better understanding of the mechanism behind the Nansen meteorite trap. Some variables and parameters used in this study have still a significant uncertainty, and it is likely that future measurements and observations (e.g. of ice flow, SMB, meteorite weathering and fragmentation) will allow to further constrain the mechanisms behind this ice trap. Some of the findings are specific to the Nansen meteorite trap, but the developed methodology and the use of the mean surface residence time (MSRT) concept based on satellite derived surface velocities have the potential to improve our understanding of other Antarctic meteorite traps. As such, this methodology could also be used to plan future expeditions and may be applied to identify new meteorite collection sites (e.g. by identifying blue ice areas with long MSRTs).
Finally, the oxygen isotopic signal of the surface blue ice samples could not be used to identify continuous stratigraphic series, but the absolute difference between the clusters allowed for certain interpretations about past climatic and environmental conditions. These suggest that temperatures over the Nansen ice field were likely warmer than at the Kohnen station (EDML drill site) since the Last Interglacial. Furthermore, the relatively constant difference between the two records suggests that, regionally, the topography did not change since the Last Interglacial. In future works, more palaeoclimatic information could be obtained by dating the surface blue ice samples directly (e.g. through isotopic analyses of gases). This will be crucial in the 'quest for the oldest ice' and allow to re-collect older ice than that from deep drilling projects.
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APPENDIX A. SURFACE BLUE ICE SAMPLES COLLECTION AND ANALYSES
All blue ice surface samples were collected during the 2012-2013 meteorite recovery operations. When a meteorite was found by an expedition member, and when time and meteorological conditions allowed sampling, a surface blue ice sample was collected by another expedition member. The distance between the meteorite collection site and surface blue ice collection site varied between a few metres up to about 100 m, depending on the search party formation and the respective positioning of the meteorite collector and the ice sampler. Consequently, for almost all regions where meteorites were found, a correlated surface blue ice sample was collected (Figs. 4a and 5b) .
At every collection site the upper 3-5 cm of surface ice were removed (cf. Spaulding et al., 2013) , after which the underlying ice was crushed and collected in 60 ml containers. The samples were subsequently transported in liquid phase to the Analytical, Environmental and Geo-Chemistry (AMGC) stable isotope laboratory at the Vrije Universiteit Brussel (VUB, Belgium). As the containers were sealed, the isotopic fractionation during the time between original collection and analysis was limited, and the original isotopic signal was therefore maintained. The isotopic d
18 O and dD compositions of the 185 samples were simultaneously determined using a Picarro L2130-i Cavity Ring-Down Spectrometer (2r measurement uncertainty of ±0.1‰ for d
18 O and ±0.5‰ for dD). Replicates were analysed, and all values were corrected with respect to laboratory standards. These standards span a wide range of isotopic values and were previously calibrated against reference materials from the International Atomic Energy Agency (IAEA). The uncertainty on the individual isotopic measurements (r) are on average 0.10‰ for d
18 O and 0.83‰ for dD, which is about one to two order of magnitudes lower than the isotopic variations considered in our study (typically a few ‰ for d 18 O). Note that in the text only the d 18 O values are described (these absolute values and associated uncertainties are also added as supplementary material; see Appendix E); but that the dD values have a similar spatial pattern (Fig. A.1 ).
APPENDIX B. TERRESTRIAL AGE DETERMINATION OF SELECTED METEORITES
If a meteorite is assumed to reach the surface and enter the ice sheet in the accumulation area (the source area, t1 on Fig. 1a) , to be transported within the ice (t2), to reappear at the surface (in the blue ice area, i.e. the meteorite stranding zone, at t3) and to subsequently move along with the surface flow, then the terrestrial age of the meteorite can be used as a younger limit estimate for the age of the local ice. The age difference between the ice and the terrestrial age of the meteorite results from the surface ablation that occurs between the time of appearance at the surface (t3) and the collection time (somewhere between t3 and t4), which exposes older ice (see Folco et al., 2006 for a detailed account). In this study, the terrestrial age of meteorites was determined by radiocarbon ( 14 C) dating and 36 Cl dating (see Table B1 ). All 14 C terrestrial age determinations of meteorites were performed at the University of Arizona AMS Laboratory (United States of America), as described by Jull et al. (1993 Jull et al. ( , 2010 . Samples were crushed, pre-treated with 85% phosphoric acid to remove weathering products, washed in distilled water and dried. The meteorite powder ($0.2-0.4 g) was mixed with $3 g of iron chips, which are a combustion accelerator. The mixture was placed in a ceramic crucible and preheated to 500°C to remove organic contaminants. The crucible was then placed in an RF furnace (Jull et al., 1993) and the sample was heated to melting point for 2 minutes in a flow of oxygen. The recovered gases were passed through a CuO-CeO furnace to ensure conversion to CO 2 and recovered from the oxygen flow cryogenically. CO 2 was converted to graphite using standard methods at the Arizona AMS Laboratory and measured by accelerator mass spectrometry. The uncertainty on the terrestrial ages accounts for the uncertainty in the saturated activity and an estimated 3-sigma uncertainty in the blank values. (Fifield et al., 1990; Sharma et al., 1990) . Uncertainties (1 sigma) include the uncertainties in the AMS measurements of samples and standards, as well as the 36 Cl content measured in an associated chemistry blank sample. Terrestrial ages were computed using a saturation 36 Cl concentration of 23.18 ± 1.35 dpm/kg for H chondrites, 22.65 ± 0.95 dpm/kg for L chondrites. These saturation values were computed using 36 Cl concentrations measured in the metal of 18 H falls (Graf et al., 2001; Dalcher et al., 2013) and 10 L falls (Dalcher et al., 2013) . For the LL chondrite, we used the L chondrite saturation value (22.65 ± 0.95 dpm/kg).
APPENDIX C. ICE DYNAMIC 1-D FLOWLINE MODEL
Ice sheets are characterized by a small ratio between the ice thickness and the horizontal scales. To describe the ice flow in their interior regions (i.e. away from the coast), the shallowice approximation (SIA) is commonly used (Hutter, 1983) . In the SIA, the ice flow is assumed to be entirely driven by vertical gradients in shearing. For ice flow along a flowline (1-D), the depth-averaged velocity is given by:
where H is the ice thickness (m), A is the rate factor (Pa À3 a À1 ), and s is the driving stress (Pa):
Here, q is the density of ice (910 kg m À3 ), g is the gravitational acceleration (9.81 m s À2 ) and @h @x is the surface slope (unitless).
These equations can be used to estimate the magnitude of the ice flow surface velocities on the Nansen ice field. The ice thickness (H ) is estimated to be around 1000 m (see Section 5), while the surface slope ( @h @x ) along the ice flow direction (i.e. perpendicular to the elevation contours) is close to 1% (130 m over a distance of 12 km for Nansen B). The main unknown is the rate factor (AÞ, which is strongly dependent on the ice temperature. In ice flow modelling studies, this relationship is typically described through an Arrhenius-type law (e.g. Huybrechts et al., 2011; Pollard and Deconto, 2012; Seddik et al., 2012; Zekollari et al., 2017a; Hindmarsh, 2018) :
where A 0 is a constant (1.14 Â 10 À5 Pa À3 a À1 for T < À10°C; 5.47 Â 10 10 Pa À3 a À1 for T > À10°C), Q is the activation energy for creep (60 kJ mol À1 for T < À10°C; 139 kJ mol
À1
for T > À10°C), R is the universal gas constant (8.314 J mol À1 K
) and T is the temperature relative to the melting point (K).
For the Nansen ice field, the ice temperatures at the base of the ice sheet are expected to be close to the pressure melting point (Van Liefferinge and Pattyn, 2013; Van Liefferinge et al., 2018) . Close to the surface the ice temperatures approximate the mean annual air temperature, which is around À40°C. Most of the deformation occurs in the lower parts of the ice column, where ice temperatures are the highest, and we therefore consider depth-averaged rates factors between 2.7 Â 10 À17 (corresponding to À25°C) and 1.47 Â 10 À18 (corresponding to À10°C) to be realistic. By relying on this spread in rate factors and by accounting for a possible spread in ice thicknesses around the ca. 1000 m thickness obtained from a few airborne flight lines (Eagles et al., 2018 ) (see Section 5), depth-averaged velocities in the order of 0.4-12 m a À1 are typically expected over the Nansen ice field (Fig. C.1 ).
APPENDIX D. SURFACE MASS BALANCE MODELLING
To estimate the ablation (negative SMB) over the Nansen blue ice field, we used a surface energy balance (SEB) model (van den Broeke et al., 2006 (van den Broeke et al., , 2010 Kuipers Munneke et al., 2018) , driven by Automatic Weather Station (AWS) measurements at Kohnen. This AWS is situated at the EPICA ice core site, at 75°S, 0°E, 3000 m a.s. l. Medley et al., 2018) . As Kohnen is not located in a blue ice area, but elevation is similar to that of the Nansen blue ice field, we used the observed meteorology apart from resetting the surface albedo to a constant value, which is typical for Antarctic blue ice (0.57, Lenaerts et al., 2017) .
Hereby we assumed that all the accumulated snow instantaneously sublimates or is eroded, and blue ice is exposed at the surface at all times. Without accumulation, (negative) SMB is dominated by surface mass loss through surface sublimation, which can be estimated using the SEB model. Fig. D.1 shows that sublimation is small when using the observed albedo, but amounts to about 100 mm w.e. a À1 when the blue ice albedo is applied. To test the sensitivity of the results for higher near-surface temperatures above blue ice relative to over snow surfaces (Bintanja and van den Broeke, 1995) , we performed three additional SEB model simulations with 1, 2 and 3 K higher temperatures. The results of these sensitivity tests show that sublimation increases slightly with increasing temperatures (up to 10% with a 3 K temperature increase), but the differences remain relatively small. This indicates that the result is relatively robust, and suggests that annual SMB over the Nansen blue ice field is around À100 mm w.e. a
À1
. By accounting for model uncertainties (e.g. ice albedo, possible spatial variations in melt,. . .etc.), it is estimated that the annual SMB over the Nansen ice field is between À125 and À75 mm w.e. a À1 . Outside of the Nansen ice field, SMB is positive and dominated by snowfall. Without in-situ SMB observations, we rely on output of the well-evaluated regional atmospheric climate model RACMO2 (updated from Lenaerts et al., 2017) at a high spatial resolution (5.5 km) to provide an estimate of regional SMB. An earlier version of this model (Van Wessem et al., 2014) , run at lower resolution = 0.011), as a function of varying rate factors (A) and ice thicknesses (H ). The black box delineates the plausible range for the rate factor and the ice thickness. Fig. D1 . Cumulative (1998 Cumulative ( -2007 .e. 10 years) surface sublimation at Kohnen station as derived from AWS observations and an SEB model, using the observed surface albedo (blue), blue ice albedo (red), and blue ice albedo with increased near-surface temperatures (red dotted lines, see legend). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. D2 . Annual mean ) SMB simulated by RACMO2 at a 5.5 km resolution (updated from Lenaerts et al., 2017) . The red area shows the location of the Nansen ice field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (27 km), proved to reproduce measured SMBs well in and around the Sør Rondane mountains (Callens et al., 2015) . Fig. D.2 shows that the simulated annual SMB amounts to 20-50 mm w.e. in a wide area south and southwest of the Nansen blue ice field.
APPENDIX E. SUPPLEMENTARY MATERIAL
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/ j.gca.2017.07.013.
The d 18 O values of the surface blue ice samples with associated uncertainties (1r) are available as supplementary material. The supplementary material also includes a picture of every newly dated meteorite (from the 2012/13 expedition) at the collection site.
